The Simple Ocean Data Assimilation (SODA) reanalysis ) is used to investigate the decadal variability in the equatorial thermocline in the Pacific. Whereas the thermocline depth exhibits weak variation at decadal time scales, the temperature change in the vicinity of the thermocline in the western Pacific is significant and has a vertical scale of ;150 m. Based on a modal decomposition of the model variability, it is shown that such temperature change can be interpreted to a large extent as vertical displacements of the isotherms associated with the Kelvin and first meridional Rossby waves of the first three baroclinic modes. This indicates that decadal change at the subsurface in the warm pool region may be forced by the winds, consistent with the results of a multimode linear model simulation. The decadal mode of vertical temperature can be described by the first two dominant statistical modes (EOFs): the first mode is associated with changes in the slope of the thermocline (swallowing in the western-central Pacific and deepening in the eastern Pacific), representative of the 1976/77 climate shift and ahead of the ENSO modulation; and the second mode corresponds to a basinwide uplift of the thermocline and behind the ENSO modulation. It is further shown that the subsurface temperature in the warm pool region is negatively skewed, which results from the ENSO asymmetry. The results are consistent with the hypothesis of change in mean state resulting from the residual effect of the asymmetric ENSO variability.
Introduction
The issue of the source of the ENSO modulation in the tropical Pacific has drawn considerable interest in recent years. Indeed, it has not been clear to what extent the change in ENSO characteristics at decadal time scale is due to external forcing [from the atmosphere through the teleconnections (Pierce et al. 2000) or from the ocean through the oceanic tunnels (Gu and Philander 1997; Luo and Yamagata 2001; Giese et al. 2002; Luo et al. 2003; Moon et al. 2007) ], or if the ENSO equatorial dynamics can produce its own decadal variability through nonlinearities (Timmermann and Jin 2002; Timmermann 2003; Rodgers et al. 2004; Yeh and Kirtman 2004; Dewitte et al. 2007; Burgman et al. 2008) . Others have argued that the ENSO modulation could also result from noise forcing (Blanke et al. 1997; Yeh and Kirtman 2008) . The difficulty in addressing such an issue lies in part with the fact that the equatorial thermocline exhibits relatively weak variability at decadal time scales (less than ;5 m in the central Pacific; Wang and An 2001) , which limits the significance of statistical analysis or the interpretation of sensitivity tests from models in studies addressing the issue of the effect of change in mean equatorial thermocline depth on the ENSO modulation for instance. The little changes in thermocline depth, usually approximated at the 208C isotherm depth, does not mean, however, that temperature changes in the vicinity of the thermocline are not marked. In particular, Moon et al. (2004) showed from the so-called Simple Ocean Data Assimilation (SODA) dataset (Carton et al. 2000 ) that cooling at subsurface occurred after the 1976/77 climate shift (Guilderson and Schrag 1998) along the equator, which reaches 1.48C in the western equatorial Pacific at ;150 m with a vertical scale of ;100 m (their Fig. 1d) . From intermediate coupled model experiments, they further show that such cooling has the potential of affecting the equatorial wave dynamics toward more intense and ''slower'' ENSO. Figure 1 displays the temperature change along the equator associated with the 1976/77 climate shift. This figure is equivalent to Fig. 1d of Moon et al. (2004) , except that our Fig. 1 uses a more recent version of SODA (Carton and Giese 2008) . As with Moon et al. (2004) , it indicates that the cooling pattern has a vertical scale of the order of ;150 m and is centered in the western-central Pacific. The mean thermocline depth for the periods before and after the 1976/77 shift is also displayed, which indicates that it experienced a change of no more than 10 m between the two periods. Such a pattern indicates that an increase in ENSO variability (as it occurred after the 1970s), and hence an overall warming of the surface layer, is associated with a cooling at the subsurface that encompasses a significant part of the warm pool along the equator (;50%). In addition, this cooling at the subsurface is much more intense (in absolute value) than its ''warm'' counterpart in the surface layers. Thus, the average warming along the equator associated with the 1976/77 climate shift in the first 100 m is ;0.318C, whereas the average cooling in the 100-250-m-depth range reaches approximately 20.608C. Then questions arise from such observations, including, what is the process associated with such cooling? Does it result from a change in equatorial wave dynamics? What process determines the large vertical extent of the temperature anomaly around the thermocline? More generally, how is it related to the change in ENSO variability?
This paper attempts to reply to these questions; it can be viewed as an extension of the Moon et al. (2004) paper in the sense that, instead of focusing on the impact of change in mean state on ENSO characteristics, it questions if the ENSO modulation can lead to change in mean state similar to what is observed from a reanalysis product. In addition to its modulation, the paper also considers another recently documented important characteristic of ENSO: its asymmetry, namely, its tendency to produce stronger El Niñ o events than La Niñ a events (An and Jin 2004) . From surface observations, there is evidence that this so-called ENSO asymmetry is tightly linked to the change in mean state . Recent model studies also support this hypothesis, whether they are based on a rather simple conceptual approach (Timmermann and Jin 2002; Schopf and Burgman 2006) or on full complexity models (Rodgers FIG. 1 . Temperature difference between the mean during the period 1980-97 and the mean during the period 1958-75 as a function of longitude and depth along the equator. The contour interval is 0.28C. The mean depth of the 208C isotherm over the two periods is also plotted (red, 1980-97; white, 1958 -75). et al. 2004 Yeh and Kirtman 2004; Cibot et al. 2005; Dewitte et al. 2007 ). In the light of these results, the focus here is given on subsurface temperature change in the vicinity of the equatorial thermocline and their interpretation in terms of equatorial wave dynamics. A vertical mode decomposition of the SODA outputs is carried out and the temperature change associated with the gravest baroclinic modes is estimated and documented. Because these modes control the ENSO dynamics to a large extent, their contributions to temperature change that are estimated in this paper provide insights into how ENSO distributes the heat vertically in the warm pool region. Recent studies have indirectly addressed this issue from coupled general circulation model (CGCM) outputs. For instance, Moon et al. (2007) have investigated the relationship between vertical mode variability along the equator (as measured by the projection coefficient of the winds) and the variability in the southwestern Pacific at decadal time scales. Dewitte et al. (2007) also documented the role of the high-order baroclinic modes in modulating the ENSO variability through their impact on the nonlinear advection. Here, the aim is first to verify from a more realistic simulation to what extent subsurface variability associated with change in mean state can be interpreted in terms of equatorial waves of the high-order baroclinic modes. In particular, the actual contribution of the baroclinic modes to the change in mean state is diagnosed here through what is referred in the paper as ''baroclinic temperature.'' Second, compared to previous studies, this paper further documents the forcing mechanisms of the change in mean thermocline in the western-central Pacific rather than the impact of the latter on the ENSO variability. In that sense, it complements the formerly mentioned modeling studies.
The paper is organized as follows: Section 2 describes the dataset and method. Section 3 presents the results of the vertical mode decomposition of the decadal signal observed in the SODA reanalysis. Section 4 investigates the relationship between the ENSO modulation and decadal pattern for temperature as a function of depth identified earlier. Section 5 provides a discussion followed by concluding remarks.
Data and method

a. SODA
The SODA reanalysis project, which began in the mid-1990s, is an ongoing effort to reconstruct historical ocean climate variability on space and time scales similar to those captured by the atmospheric reanalysis projects. In this paper, we used SODA, version 1.4.2. SODA 1.4.2 uses a general circulation ocean model based on the Parallel Ocean Program numerics (Smith et al. 1992) , with an average 0.258 (lat) 3 0.48 (lon) horizontal resolution and 40 vertical levels with 10-m spacing near the surface. The constraint algorithm is based on optimal interpolation data assimilation. Assimilated data includes temperature (T) and salinity (S) profiles from the World Ocean Database 2001 [Conkright et al. 2002; mechanical BT (MBT) (Adler et al. 2003 ) combined with evaporation obtained from the same bulk formula used to calculate latent heat loss. Sea level is calculated prognostically using a linearized continuity equation, valid for small ratios of sea level to fluid depth (Dukowicz and Smith 1994) . Refer to Carton et al. (2000) and Carton and Giese (2008) for a detailed description of the SODA system.
b. Method: Definition of baroclinic temperature
The vertical modes were calculated in a similar way to the method used by Dewitte et al. (1999) . The reader is invited to refer to this work for more technical details. To derive the vertical modes, usually, the mean stratification is used. Here, to take into account that there is a change in mean temperature and salinity at low frequency, we added to the mean the low-frequency part of the anomalies (using a 7-yr low-pass filter). The vertical mode decomposition was therefore performed at each time step from the SODA salinity and temperature averaged over the 44 years, on which the 7-yr low-passfiltered signal was superimposed. Kelvin and first meridional mode Rossby wave contributions to the sea level anomaly are then derived by projecting the pressure and zonal current baroclinic contributions onto the theoretical meridional modes.
Changes in the pressure field induce vertical displacement of the isotherms, resulting in temperature anomalies at a particular depth. With p(x, y, z, t) 5 å M n51 p n (x, y, t) 3 F n (x, z, t9)-where p is the pressure field, p n (x, y, t) is the associated n baroclinic mode contribution, and F n is the vertical structure of the nth baroclinic mode along the equator associated to the lowfrequency change in density (t9 stands for the time relative to the low-frequency change in S and T)-the hydrostatic relation leads to dr 5 Àr 0 å M n51 sl n 3 › z (F n ), where r is the density and sl n are the n baroclinic mode contribution to sea level anomalies (sl n 5 p n /r 0 g). Using the stability equation for the density field and assuming that the density changes (at constant depth) are governed by temperature changes (i.e., dr 5 2ra T dT, with a T 5 2.97 3 10 24 K 21 ; Gill 1982), a baroclinic temperature can be defined as follows:
Note that near the surface, a large number of baroclinic modes are required to correctly account for the small vertical scales in the variability. Thus, the baroclinic temperature will not be representative of temperature change in the surface layers unless a relatively large number of baroclinic modes are retained. For instance, Illig and Dewitte (2006) used a similar methodology to parameterized temperature changes at the base of the mixed layer in an intermediate coupled model of the tropical Atlantic. They found that a total of six baroclinic modes is required to simulate properly the entrainment temperature in the equatorial Atlantic. Because the focus in this study is on temperature variability in the vicinity of the thermocline, we expect that fewer baroclinic modes are required to represent the vertical scales of temperature variability. This assumption ignores that the thermocline in the equatorial Pacific is deeper than in the equatorial Atlantic, which also affects the vertical mode structures.
Notice that, from Eq. (1), one can also derive the Kelvin and Rossby contribution to temperature changes because
where ak n and r 1,n are the Kelvin and first meridional Rossby wave coefficient for the nth baroclinic mode, respectively. Here, c o,n and R h j,n are the meridional structures for the Kelvin and jth meridional mode Rossby wave, respectively, and depend on the baroclinic mode order n.
A baroclinic temperature associated with Kelvin and Rossby waves is then defined as follows: Table 1 ). Most of the å 3 m51 T m variance is associated with the Kelvin and first meridional Rossby mode contributions, as shown in Fig. 2d . The Table 1 summarizes the statistics.
As expected, the pattern for contributions of modes 4-10 exhibits finer vertical scales: it apparently captures the vertical displacements of the mean thermocline with an elongated zone of cooling (warming) along (above) the mean thermocline from west to east. Because highorder modes tend to be trapped within the mixed layer (because of their fine vertical scales and their slow propagating speed), they are associated to a large extent with the local wind stress forcing. In that sense, the pattern associated with modes 4-10, consisting of a uniform cooling /warming near the thermocline, suggests that it is linked to the theoretically very low-frequency (VLF) basin mode proposed by Jin (2001) that has a uniform zonal structure.
Only the first three baroclinic modes will be considered in the rest of the paper: the motivations for this are twofold: 1) they explained a large amount of variance in the Niñ o-4z region where we focus our interest, and 2) the vertical scale of variability that matters in this study are of the order of ;200 centered around 150 m, which can only be accounted for by the gravest baroclinic modes (higherorder mode having too fine vertical scales to account for such vertical structure variability). Notice that the first three baroclinic modes are the most relevant for the study of ENSO dynamics (Dewitte 2000; Yeh et al. 2001) and are more than likely involved in the mechanism of rectification of ENSO by change in mean state ).
b. Decadal variability
In this paragraph, the above results are generalized and extended by focusing on the decadal variability of equatorial temperature in the upper 300 m instead of just the change in temperature associated with the 1976 climate shift. To do so, an EOF analysis on the vertical section of temperature along the equator is performed after low-pass filtering the data. A frequency cutoff at 7 (yr) 21 is used for the filter. The results are presented in Fig. 3 for the first two dominant modes. A Monte Carlo test was carried out to check the significance of the EOF patterns following Bjö rnsson and Venegas (1997) . The method consists of creating a surrogate data, a randomized dataset of T(x, z, t) by scrambling the monthly maps of 40 years (selected among the 54 years of the SODA data) in the time domain. The scrambling is performed on the year and not on the months to maintain the order of the months inside the year. The EOF analysis is then performed on the scrambled dataset. The same procedure of scrambling the dataset and performing the analysis is repeated 100 times, each time keeping the value of the explained variance of the first two dominant modes and calculating the spatial correlation over the domain (1308-2708E; 0-350 m) between the EOF modes of the original field (Fig. 3 ) and the ones of the scrambled dataset. We find that 90% of the ensemble leads to a correlation higher than 0.96 (0.88) for the first (second) EOF mode, which demonstrates the robustness of the EOF patterns of Fig. 3 .
Notice that the first EOF mode of SODA and å 3 m51 T m closely resemble the temperature pattern associated with the 1976 climate shift (Figs. 1, 2a) . The percentage of explained variance of the first mode is also comparable (49% versus 45%), indicating that the first three baroclinic mode contributions do grasp similar variability characteristics than the ''full'' SODA data. Similar observations can be made for the second EOF mode: These results first indicate that the 1976 climate shift pattern for temperature (Fig. 1) is associated with the dominant mode for decadal temperature variability along the equator, which is consistent with the characteristics of PC1 (cf. Fig. 4a )-namely, a clear signature of the transition from warm to cold in 1977 (''warm'' and ''cold'' here refer to the temperature in the Niñ o-4z region). This mode consists of a cooling in the vicinity of the thermocline in the warm pool region during periods of warm SST and a warming in the surface layer in the eastern Pacific. Except for the surface layer, the mode is associated to a large extent with the variability of the first three baroclinic modes and corresponds to the change in the slope of the mean thermocline associated with the 1976/77 climate shift. The second mode of temperature variability at a decadal time scale along the equator is distinct from the 1976 climate shift pattern and mostly corresponds to a basinwide uplift of the mean thermocline. It has a larger zonal extent than the first mode and explains a significant amount of variance (39% for SODA and 43% for å 3 m51 T m ). It is behind the first mode by 5 yr (maximum correlation between PC1 and PC2 reaches 0.76 at lag 5 5 yr; cf. Fig. 4 ). The phase relationship between PC1 and PC2 is further investigated through the scatter diagrams between PC1 and PC2 presented in Figs. 3e,f for SODA and å 3 m51 T m , respectively. The comparison between the two PCs indicates an overall good agreement, which means that the first three baroclinic modes do grasp the dynamics of the decadal mode. Also notice the change in the relationship between PC1 and PC2 at the transition of the 1976/77 climate shift, which may traduce the change in ENSO characteristics (the smaller amplitude range of the PC1 and PC2 prior to 1977 and an overall more ''cyclic trajectory'' after 1977).
Link with ENSO variability
We now investigate the relationship between the 1976 climate shift pattern for temperature and the ENSO variability. As a first step, an EOF analysis is carried out on the interannual anomaly of the temperature field along the equator in the first 300 m. A bandpass filter in the 2-7 (yr) 21 frequency band was used to focus on ENSO time scales. Figure 5 presents the results for the first two modes that grasp more than 95% of the explained variance. The first mode of SODA corresponds to the ENSO mode, with a warming/cooling in the eastern Pacific in the first 100 m and a cooling/warming in the far western Pacific. The first EOF mode of the first three baroclinic modes (å 3 m51 T m ) also exhibits a zonal seesaw: warm in the east and cold in the west, with the pivot located at the date line. The associated times series of the first mode for SODA and å 3 m51 T m are highly correlated (c 5 0.92). However, the warm anomaly pattern in the east is less intense in å 3 m51 T m than in SODA and consists of a ''beam'' sloping eastward and downward from the surface at the eastern boundary, indicative of vertical propagation of energy at interannual time scales (Dewitte and Reverdin 2000) . Note that T m only accounts for the temperature anomaly associated with vertical displacements of the isotherm, which has the effect of emphasizing the vertical propagation of the temperature anomaly. In the west, the amplitude of the EOF mode for å 3 m51 T m is similar to that of SODA, indicating that the temperature changes in this region can be interpreted as vertical displacements of the isotherms.
Despite the differences for the first EOF mode between SODA and å 3 m51 T m , the second modes for both SODA and å 3 m51 T m strikingly exhibit a spatial pattern that shares many characteristics with the first EOF mode of decadal temperature [Figs. 3a, b ; also with the 1976 climate shift pattern (Fig. 1)] . The pattern of the second EOF modes for both SODA and å 3 m51 T m extends somewhat farther to the east (following the mean thermocline depth) compared to the first EOF of Figs. 3a,b, which also mimics the pattern of the second EOF mode for decadal temperature (Figs. 3c,d ). The correlation between the time series associated with the second EOF mode for SODA and This similarity suggests a link between the decadal mode of temperature along the equator and the interannual variability. As a matter of fact, the values of correlation between the time series of the first two EOF modes of decadal temperature for SODA (Fig. 4a ) and classical indices of ENSO variability are large, significant at the 95% level (see Table 2 ). As a reference, Table 2 also provides the correlation between the Pacific decadal oscillation (PDO) index and the EOF time series.
Interestingly, the first EOF mode for decadal temperature variability leads the ENSO modulation index (N3VAR index by ;4 yr but is in phase with the Niñ o-3 SST index [SST averaged in the Niñ o-3 region (58S-58N, 1508-908W; cf. Fig. 4b) ] that has been low-pass filtered with a frequency cutoff at 7 yr, which is consistent with the idea that ENSO modifies the mean state, which in turn rectifies the ENSO variability. In particular, Dewitte et al. (2007) showed that this process operates through the redistribution of energy of the first three baroclinic modes when the mean thermocline fluctuates in the westerncentral Pacific. On the other hand, the second EOF mode is behind the N3VAR index by ;1 yr, suggesting that the basinwide change in thermocline depth (Fig. 3c) is driven by changes in ENSO dynamics, resulting from a change in mean state in the western Pacific [the first EOF (EOF1)]. The N3VAR index is displayed in Fig. 4c .
To investigate further the possibility of interaction between interannual and decadal time scales, the skewness of vertical temperature along the equator is estimated. Indeed, because ENSO is skewed, the decadal growth of the ENSO amplitude can be translated into decadal background state changes . Hence, decadal tropical variability is a residuum of the skewed ENSO amplitude modulations. This idea had been supported by Timmermann (2003) and Rodgers et al. (2004) using a CGCM simulation. (14) 0.41 (242) a Scale-averaged wavelet power over the (2-7) years of the Niñ o-3 SST index (cf. Cibot et al. 2005 ). b A 7-yr low-pass-filtered warm water volume index in the equatorial Pacific calculated as in Meinen and McPhaden (2001) , which corresponds to the spatial integration of 208C isotherm along (58N-58S , 1208E-808W). c PDO index calculated from SODA SST following Hare and Mantua (2000) (7-yr low-pass filtered).
SODA and å 3 m51 T m . Interestingly, SODA exhibits a zone of negative skewness peaking around ;100 m in the western-central Pacific. Positive skewness in the far eastern Pacific corresponds to the classical view of ENSO asymmetry, namely, a stronger El Niñ o event than a La Niñ a event (see Fig. 3 of . Here å 3 m51 T m also exhibits a zone of negative skewness in the western Pacific just above the thermocline. However, compared to SODA, this zone is displaced to the west and is deeper (;150 m; see white contour in Fig. 6a ). It better fits the decadal mode of temperature for SODA (cf. Figs. 3a or 1). The ''peak'' of negative skewness of SODA in the ;110-m-depth range (Fig. 6a ) is likely to be associated with the contribution of higher-order baroclinic modes that can grasp variability that may originate from the off-equatorial region. On the other hand, the pattern of skewness for å 3 m51 T m (Fig. 6b) has a minimum value in the zone of mean change in temperature, which supports the hypothesis that the decadal mode results from the residual effect of the asymmetric ENSO variability. Consistently with this interpretation, the second EOF mode (EOF2) of the interannual temperature anomaly (Fig. 5c ), which has a pattern that compares better to the skewness pattern of å 3 m51 T m than SODA (T . 7 yr), is skewed. The skewness value of the associated time series is 10 times larger than the skewness associated to the first EOF time series.
Discussion and conclusions
We have shown from the SODA reanalysis that temperature change at decadal time scales in the westerncentral Pacific can be explained by vertical displacements of the isotherms associated to the gravest baroclinic modes: 67% of the variance of temperature change at decadal time scale in the vicinity of the equatorial thermocline (Niñ o-4z region defined as the zone encompassing 1508E-1508W; 100-150 m) can be explained by the first three baroclinic modes. This variability corresponds to a large extent to the Kelvin and first meridional Rossby waves activity. Consistent with Moon et al. (2004) , such a variability pattern is related to the ENSO modulation with the change in mean state, represented as EOF1 of the low-frequency vertical temperature (Fig. 3a) , leading the change in ENSO characteristics. The EOF2 mode of the low-frequency vertical temperature accounts also for a significant variance of the decadal variability (39% and 43% for SODA and å 3 m51 T m , respectively) and is associated with basinwide changes in mean thermocline that follow the ENSO modulation. (Fig. 3c ; Table 2 ). The results also indicate that the vertical temperature in the vicinity of the mean thermocline in the western-central Pacific (Niñ o-4z region) is negatively skewed. The pattern of skewness for the first three baroclinic mode contributions to temperature anomaly suggests that the asymmetry of the ENSO cycle translates to the decadal mode in the Niñ o-4z region. In other words, the ENSO modulation associated with the change in mean state along the equator is related to the asymmetry of the ENSO cycle in the western-central Pacific at the subsurface. Because the asymmetry pattern is recovered in the temperature anomaly field recomposed from the first three baroclinic modes, it has to result directly from wind forcing. To estimate to what extent the wind forcing is associated with the asymmetry of temperature in the vicinity of the thermocline described in this paper (Figs. 6a,b ), a linear model is forced using the ERA-40 winds and the outputs are analyzed in a similar way as for SODA. The linear model is the same used by Dewitte (2000) , named LODCA, but tuned with the wind projection coefficients and the values for phase speed as derived from the vertical mode decomposition of the mean SODA stratification at 1608W along the equator (P 1 5 0.61, P 2 5 0.51, P 3 5 0. (Figs. 4b,c) . To recompose the baroclinic temperature from the simulated baroclinic contributions to sea level anomaly, the zonally varying mean vertical mode profiles from SODA are used to take into account the sloping mean thermocline from west to east. Although the linear model resolves a large number of meridional modes for the Rossby waves, only the Kelvin and first meridional Rossby wave contributions to sea level anomalies are considered to derive the baroclinic temperature. Figure 7 presents the results for the control run and another experiment that consists of cancelling out the reflections at the meridional bounbaries while running the model to ''filter out'' the impact of freepropagating reflected waves on temperature change. This latter experiment is aimed at inferring what is directly induced by the local wind forcing. The experiments are referred as LODCA-CR and LODCA-Roff, respectively. Interestingly, both simulations exhibit similar pattern for skewness of interannual baroclinic temperature, which compare to some extent to the results of the modal decomposition of SODA (Fig. 5b) . The magnitude of the ''patches'' of negative skewness in the westerncentral Pacific around ;130 m are also comparable to the linear model simulations and to the modal decomposition of SODA, which indicates that such a pattern is mostly forced by the winds and may not result only from nonlinear processes associated with thermocline dynamics. Notice that the decadal mode for baroclinic temperature in the LODCA-CR simulation (Figs. 7c,e) shares many characteristics with the one derived from SODA (Figs.  3b,d) ; however, for the first (second) EOF mode, the longitude of the pivot of the zonal seasaw (of the peak amplitude) is displaced ;308 to the west compared to SODA. This is believed to be due to the tendency of the linear model to overestimate the reflections at the meridional boundaries and the simplified formulation for friction used to model the dissipation of the waves. Despite the discrepancies between LODCA-CR and SODA, the distribution of explained variance onto the first two EOF modes is comparable between the linear simulation and SODA, and their associated time series are highly correlated (0.75 and 0.94 for the PC1 and PC2, respectively; cf. Fig. 4a ). On the other hand, for LODCARoff, the dominant decadal mode of baroclinic temperature (Fig. 7d) is different from the one of SODA-in particular, the weaker variability in the western Pacificthe peak of which is displaced westward compared to LODCA-CR. This indicates that there is a significant contribution of the reflected Rossby waves to the change in mean state in the Niñ o-4z region, which is consistent with the modal decomposition of SODA (Table 1) . The second EOF in LODCA-Roff (Fig. 7f) is less energetic and grasps similar low-frequency variability than the one of the first EOF mode of SODA.
These results corroborate the interpretation of subsurface temperature variability in SODA proposed in this paper, namely, a linear response to the wind forcing that involves high-order baroclinic modes (modes 1-3) . To infer what in the winds is leading to such variability, an EOF analysis is performed on the low-pass-filtered ERA-40 wind stress anomalies (both zonal and meridional components are considered). The results are presented in Figs. 8a,b for zonal wind stress. The first mode corresponds to the transition mode from ''cold'' to ''warm'' of the 1976/77 shift (see PC1 on Fig. 4d) , with a relatively uniform zonal structure over the central Pacific corresponding to an increase/decrease of the mean trade winds. The correlation between its associated time series and the PC time series of the first EOF mode of decadal temperature variability (Fig. 4a , solid red line) reaches 0.80. The second EOF (Fig. 8b) has an equatorial zonal seasaw structure. The correlation between its associated time series and the PC time series of the second EOF mode of decadal temperature variability (Fig. 4a , solid blue line) reaches 20.57. Although slightly displaced to the west, this EOF mode resembles the linear response of a Gill-type model (Gill 1980) to El Niñ otype (La Niñ a) SST anomalies, namely, westerlies (easterlies) in the western (eastern) equatorial Pacific. Actually, the first EOF mode (Fig. 8a) could also be interpreted as a linear response of the tropical atmospheric circulation to ENSO-like anomalies that would be displayed slightly to the east. To support this interpretation, a similar EOF analysis was performed on the wind stress anomalies simulated by LODCA. Note that LODCA is a coupled model (that uses a Gill atmosphere; cf. Dewitte 2000) . Thus, the simulated wind stress anomalies result here from the forcing of the atmosphere by the simulated SST anomalies, which compare to some extend to the SODA SST (see Fig. 4b ). The results are displayed in the Figs. 8c,d for the spatial patterns of the first two dominant modes and in Fig. 4d for the associated time series. Whereas the correlation values between the PC time series of SODA and LODCA reach 0.77 and 0.74 for modes 1 and 2, respectively, the spatial patterns of the EOFs have comparable zonal structures. It indicates that LODCA grasps some aspects of the decadal modes observed in the ERA-40 winds. Differences between ERA-40 and LODCA can originate from the simplified physics of the intermediate coupled model and from the inability of the EOF analysis to separate the first two modes as clearly in LODCA as in SODA (see PC time series in Fig. 4d ). It could also be because low-frequency change in mean stratification is not considered in LODCA (since the P n parameters are prescribed and fixed). In particular, Dewitte et al. (2007) show that the latter model may make a substantial contribution to the decadal mode in the tropical Pacific. Nevertheless, it is striking that, within the simplified model setup proposed here, such an agreement between model and ''observations'' can be reached for the atmospheric response. Although the influence of the extratropics on the tropical atmospheric circulation cannot be excluded, our results are consistent with the hypothesis of a tropical mechanism for change in mean state that results from the residual effect of the asymmetric ENSO variability. In that sense, it is consistent with the observational study by and other modeling studies (Rodgers et al. 2004; Dewitte et al. 2007 ) that mostly focus on surface data. Here, we extend these works, focusing on the role of subsurface temperature variability. As a final quantitative consistency check on the SODA outputs, a singular value decomposition (SVD) analysis between the running skewness of SST (x, y) (between 108N and 108S) and the running mean of å 3 m51 T m (x, z) for SODA was carried out to extract the significant statistical relationship between the ENSO asymmetry and the lowfrequency change in stratification in the vicinity of the thermocline. A running windows spanning 7 yr was used. The results are consist with a dominant mode, explaining 83% of the covariance with patterns for SST and å 3 m51 T m resembling, strikingly, the patterns of skewness of SST anomalies and the first EOF of the decadal mode of å 3 m51 T m (not shown). Although there is some limitation owned to the relatively short record of SODA for such calculation, it supports the above interpretation.
Overall, our results suggest that the realism of decadal variability as simulated by coupled models may be critically dependent on how both the ENSO asymmetry and the vertical structure variability are reproduced in these models. Notice there is a large diversity of behavior of the current CGCMs with regard to the ENSO asymmetry ) and the decadal variability/ENSO modulation (Lin 2007 ). This may have implications for our ability to predict and understand the response of the climate to global warming, because the temperature at the subsurface contains the memory of the tropical Pacific system and may respond with a delay to the increasing greenhouse gases. Our results suggest that the warm pool region at the subsurface may behave as a ''thermostat'' to a warmer climate. This is a topic of current research using the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) CGCMs.
